Introduction
Optical interference lithography has been successfully applied for well over a decade to manufacture periodic structures for a wide variety of uses. The simplest embodiment of this technique is to interfere two coherent wavefronts to form a sinusoidal intensity pattern in space. By exposing a photosensitive material to the this pattern, a ID surface relief or volumetric grating can be generated.
Two-dimensional gratings can be produced by overlaying two sequential exposures at 90°. The great advantage of utilizing such a simple method to form an image is that deep submicron resolution can be achieved with an effectively infinite depth of field. Moreover, this resolution can be obtained over field sizes that approach 1 m.
Recently, interest in interference lithography has grown as new, commercially viable applications have emerged. In particular, interference lithography is an attractive technology for patterning field emission flat panel displays.~-4Interference lithography also shows potential for defining the critical features on future generation integrated circuits? and shows promise as a means of patterning high-density storage media based on single-domain magnetic particles.6
The use of interference lithography for applications that are potentially high-volume will depend on the ultimate limits of uniformity, throughput, process control, and repeatability that can be achieved. Demonstrating that a wide range in resist profiles can be obtained is also critically important. A recent study has shown that square arrays of sub-quarter micron, high-aspect-ratio posts (3:1) patterned using the crossed exposure technique and high-contrast by an inherent sensitivity to the relative phases of the beams when four or more beams are used. We discuss the impact of this sensitivity on critical issues such as uniformity and reproducibility in the context of developing a production worthy process.
II. Image Reverml Method for Patterning Arrays of Holes
Combining image reversal with interference lithography offers the prospect of patterning complementary structures to those that can readily be generated using range, which indicates neariy identical process latitudes for the two processes. In addition, the threshold dose at which the array structure inverts from one type of structure (holes or posts) to the other type is the same for both processes, as indicated in the graph. The only difference between the two curves is that there is an ".
A. Fernandez et al. 6
approximately constant bias between them. At a fixed exposure dose, the image reversal process results in a larger structure than the positive process. We find that the magnitude of the bias depends on processing parameters, and using a higher post-bake temperature of 100"C or a lower flood 100 mJ/cm2. .' . . An impoitant property of a two-beam interference pattern is that phase shifts only result in a translation of the profile. The shape and modulation depth of the pattern are invariant to these changes. This is not true of the four-beam interference pattern. As indicated by Eq..(l), the four-beam intensity profile is a periodic function of the net relative phase @&If the net relative phase is even muRiple of n, a perfectiy modulated, high-contrast intensity distribution is produced, as displayed in Fig. 4(a) .
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A. Four-beam pattern
However, if the net relative phase is shifted by n from this condition, a pattern with reduced modulation and significantly weaker contrast is formed, as shown in Fig.4(b) . While the high-contrast pattern in Fig.4(a) iswellsuited for printing hole arrays, the low-contrast pattern in Fig. 4(b) is not. In fact, the contrast in the out-of-phase pattern is actually weaker than it is for a crossed two-beam exposure.
The phase dependence exhibited by the four-beam pattern is an intrinsic property that generally applies to all interference patterns constructed from four or more coherent plane waves.lo The basic problem is to locate the points on a given plane (the exposure plane) where all the interfering plane waves satisfy some fixed set of relative phase conditions (such as where they are all in phase). This becomes an over constrained problem if the number of plane waves exceeds three. In this case, there are at least three relative phase conditions that need to be satisfied, but there are only two independent space variables on any given plane.
for an arbitrary set of phase constants (@l,~z,...~~),there may be no plane where the phase conditions are met when n24. The corollary to Consequently, points on the this statement is that a solution may exist for specific sets of phase constants. Hence a sensitivity to phase will exist if the number of beams is four or greater.
B. Considerations for lithography
The inherent sensitivity to phase variations of multiple-beam interference patterns complicates their practical application for several reasons. Consider the four-beam pattern discussed above. In order to obtain an interference pattern with optimized modulation and contrast (the in-phase pattern), the phase of at least one beam would need to be precisely tuned. For reproducible exposures, these adjustments would need to be made continuously to compensate for environmental disturbances to the system, which can cause optical path lengths to drift. A control system would need some means of directly monitoring the pattern and a way of discriminating between different relative phase conditions. Realizing such a control scheme may become quite challenging for interference periods of .
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1 pm and smaller. Other control schemes based on a more indirect mechanism can be envisioned, but these systems would require frequent calibration.
Uniformity is another critical issue that becomes more difficult to maintain when multiple-beam interference patterns are employed. Equation (l), which describes a uniform intensity pattern in the x-y plane, only applies for perfectly aligned beams. If the incident angle of any beam deviates from the nominal angle of 8, a phase mismatch error will be introduced, relative to the other beams, that grows in magnitude away from any in-phase point. As a result, a more complex 3D moir4 pattern will be formed. On any plane parallel to the x-y plane, the shape of the intensity pattern will vary periodically from the in-phase pattern [ Fig. 4(a) ] to the out-of-phase pattern [Fig. 4(b) ] in the direction of the tilt. For a small alignment error of d, the distance between adjacent out-of-phase points is -V(t!$ cos @ along the direction of tilt.
The implication of the above argument is that that a tolerance must be placed on the alignment and collimation of the beams to ensure a uniformly modulated intensity pattern across the incident plane. The larger the field size of interest is, the tighter the tolerance must be. If we set the criterion that the distance between out-of-phase points to be 10 times the field size, the amount of tilt error that can be tolerated for a given field size can be estimated. For a field size of 2 cm (typical of semiconductor integrated circuits), a wavelength of 365 nrn and an incident angle of 30°, an angular accuracy of 4~rad would be required. For a field size of 50 cm (typical for flat panel displays), an accuracy of 0.3 prad would be necessary.
V Summary
The results we have presented on the image reversal method demonstrate the high resolution capability of this technique and the potential for utilizing this approach to produce uniform arrays of sub-quarter micron holes over large areas. Furthermore, the cost-savings of assembling a two-beam system over a multiple-beam system may be quite substantial for applications that do not require precise placement of the resist pattern. In this case, the need for beam collimation would be relaxed for the two-beam system but not for the multiple-beam system.
The obvious disadvantage of the image reversal method for fabricating hole arrays is an increase in process complexity over a positive tone process. In addition, the exposure doses required for image reversal may be larger, and this would translate into lower throughput. In the long run, therefore, it may be more cost-effective to overcome the technical challenges associated with multiple-beams than to rely on complex processing schemes, just as the semiconductor industry has always opted for newer imaging technology than rely on advanced processing techniques such as image reversal.
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